Some bacteria collectively known as rhizobia can establish symbiotic relationships and the N 2 -fixation process with several legumes used as green manure, in pastures and for wood production. Symbionts belonging to the genus Bradyrhizobium are predominant in the tropics, and an increasing number of studies report high genetic diversity within the genus. We performed a polyphasic study with two strains belonging to the genus Bradyrhizobium-SEMIA 6399 T and SEMIA 6404-isolated from root nodules of Deguelia costata (syn. Lonchocarpus costatus), an important legume native to eastern Brazil. In general, sequences of the 16S rRNA gene were highly conserved in members of the genus Bradyrhizobium, and the two strains were positioned in the Bradyrhizobium elkanii superclade, sharing 100 % nucleotide identity with Bradyrhizobium embrapense, Bradyrhizobium erythrophlei and Bradyrhizobium viridifuturi. However, multilocus sequence analysis with four housekeeping genes (dnaK, glnII, gyrB and recA) confirmed that the two strains belong to a distinct clade, sharing from 87.7 to 96.1 % nucleotide identity with related species of the genus Bradyrhizobium, being most closely related to B. viridifuturi. Average nucleotide identity of genome sequences between SEMIA 6399 T and related species was lower than 92 %, below the threshold of species circumscription.
nifH phylogeny clustered the SEMIA strains in a clade separated from other species of the genus Bradyrhizobium, and the nodD phylogeny revealed that SEMIA 6399
T presents a more divergent sequence. Other phenotypic and genotypic traits were determined for the new group, and our data support the description of the SEMIA strains as representatives of Bradyrhizobium mercantei sp. nov.; SEMIA 6399 T (=CNPSo 1165 T =BR 6010 T =U675 T =LMG 30031 T ) was chosen as the type strain.
Among the processes performed by soil-borne prokaryotes, nitrogen fixation by diazotrophic bacteria is one of the most important, responsible for the biological conversion of atmospheric nitrogen (N 2 ) into nitrogenous compounds that plants can assimilate, contributing to the balance of nutrients and energy in agriculture and to the improvement of soil fertility. The symbioses between rhizobia and leguminous plants provide the highest in contribution, supplying N for important grain crops, as well as for other legumes used as green manure, pastures and for wood production, etc. [1, 2] . Diazotrophic bacteria belonging to the genus Bradyrhizobium [3] are predominant in rhizobial populations in tropical soils, and an increasing number of phylogenetic studies report high genetic diversity within the genus [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . It is noteworthy that species of the genus Bradyrhizobium are not only highly diverse, but are also representative of symbionts across the whole diversity of nodulating legumes [13] , including basal legumes in the subfamily Caesalpinioideae, and, hence, are the most likely candidates for being primordial legume symbionts [14] . The analysis of the 16S rRNA gene sequence still represents the backbone of taxonomic studies, but in some genera, such as the genus Bradyrhizobium, this gene is highly conserved and a poor candidate for defining species (e.g. [4, 15, 16] (ANI) have proven to be successful and are being increasingly adopted for the definition of novel species of the genus Bradyrhizobium [7-9, 12, 17, 18, 19] . Besides, in order to clarify the evolution of rhizobial symbiosis, studies of nodulation and nitrogen-fixation genes have also been conducted in species of the genus Bradyrhizobium [6, [20] [21] [22] .
Strains belonging to the genus Bradyrhizobium used in this study are listed in Table S1 (available in the 28 C, unless otherwise indicated. The stock cultures were maintained on YMA modified medium at 4 C, while long-term preservation was achieved in liquid YM modified medium containing 30 % glycerol (v/v) at À80 and À150 C, or by lyophilization.
The 16S rRNA gene sequence and partial sequences of the dnaK, glnII, gyrB, recA and nifH genes were obtained by PCR using the primers and conditions described by Delamuta et al. [7] and were sequenced in an ABI3500xL analyzer (Applied Biosystems), while other sequences representing members of the genus Bradyrhizobium used in this study were retrieved from the GenBank database; nodD sequences were retrieved from genomes available in the GenBank database. Accession numbers are shown in the phylograms or in Table S2 . Maximum-likelihood (ML) phylogenies were obtained with MEGA 6 [26] using the Tamura-Nei model [27] , and multiple sequence alignments were constructed with MUSCLE [28] . Tree node support was evaluated with bootstrap analysis [29] using 1000 pseudoreplicates.
The phylogenetic tree built on the basis of the 16S rRNA gene sequences split all strains into two superclades, one with Bradyrhizobium japonicum and the other with Bradyrhizobium elkanii (Fig. 1) . Both SEMIA strains were clustered in the B. elkanii superclade, showing higher similarity with the species Bradyrhizobium viridifuturi, Bradyrhizobium erythrophlei, Bradyrhizobium embrapense and Bradyrhizobium jicamae. As commented before and confirmed in our study, the 16S rRNA gene sequences are very conserved and unable to define species within the genus Bradyrhizobium [4, 7-9, 16, 30] .
Four housekeeping genes were sequenced, and the accession numbers are shown in Table S2 . In three out of the four phylogenetic trees, with glnII, gyrB and recA genes (Figs S1, S2 and S3), the SEMIA strains were clustered with bootstrap values greater than 98 % and isolated from other type strains. The bootstrap support was lower in the dnaK phylogeny (Fig. S4 ), but again, the SEMIA strains were not clustered with any species of the genus Bradyrhizobium. The MLSA phylogenetic tree was built with the concatenated partial sequences of the dnaK, glnII, gyrB and recA genes, and the phylogenetic tree confirmed the two superclades, with both SEMIA strains grouping in the B. elkanii superclade (Fig. 2) . SEMIA 6399 T and SEMIA 6404 formed a consistent group with 100 % bootstrap support and were separated from the other species of the genus Bradyrhizobium. The closest phylogenetic neighbours of the SEMIA strains were Bradyrhizobium tropiciagri, B. viridifuturi and Bradyrhizobium ferriligni. Therefore, our results confirm the feasibility of using the MLSA approach to define new phylogenetic groups within the genus Bradyrhizobium [8, 9, 12, 17, 18, 19, 31, 32, 33] and support that SEMIA 6399 T and SEMIA 6404 represent a novel species.
Nucleotide identities of the 16S rRNA gene and of isolated and concatenated housekeeping genes are shown in Table S3 . The SEMIA strains shared 100 % sequence similarity vis-a-vis the 16S rRNA gene, and 99 % sequence similarity of the concatenated sequences of the four housekeeping genes. In the comparison of SEMIA strains with closely related species of the genus Bradyrhizobium, sequence similarity values ranged from 96.4 to 100 % among the 16S rRNA genes, and from 87.7 to 96.1 % for the concatenated sequences, being higher with B. viridifuturi. Within the genus Bradyrhizobium, the value suggested as a cut-off level for species definition has been 97 % for concatenated sequences [17] , which also supports the classification of the SEMIA strains as a new group.
The use of ANI to estimate genome relatedness is also being increasingly used in rhizobial taxonomy and accepted to describe novel species, replacing DNA-DNA hybridization (DDH) [8, 9, 12, 18] . A draft genome sequence of SEMIA 6399
T was obtained in our study (accession no. MKFI0 0000000), and the genome sequences of closely related species of the genus Bradyrhizobium [B. tropiciagri (LFLZ000000 00.1), B. viridifuturi (LGTB00000000.1), B. elkanii (ARAG00 000000.1), Bradyrhizobium pachyrhizi (LFIQ00000000) and B. embrapense (LFIP00000000.2)] were retrieved from GenBank. ANI was calculated with JSpecies [34] and Mummer for sequence alignment. The DDH value considered as the standard for prokaryotic species distinction is 70 %, and should correspond to ANI values of 95-96 % [34] , a range that was confirmed by Kim et al. [35] in the analyses of 6787 genomes. All ANI values found in our study were below this threshold, with the highest values of 91.5 % with B. tropiciagri and 91.4 % with B. viridifuturi ( Table 1 ), supporting that the SEMIA strains represent a novel species.
To determine the DNA G+C content, the genome contigs were concatenated and the proportion of G+C bases was calculated with Quast [36] . SEMIA 6399
T had a DNA G+C content of 63.99 mol%, which is within the range for species of the genus Bradyrhizobium [37] .
A genomic fingerprint using a BOX-A1R primer was also generated [38] , and the profiles were compared with those of seven phylogenetically closely related species based on MLSA. The clusters were generated using the unweighted pair group method with arithmetic mean (UPGMA) algorithm [39] and the Jaccard coefficient [40] , with 2 % tolerance, with the Bionumerics program (Applied Mathematics). In the BOX dendrogram (Fig. S5) , the two SEMIA strains clustered with 100 % similarity and with less than 62 % similarity with B. tropiciagri, the closest species.
The fatty acid profile of strain SEMIA 6399 T was determined using the MIDI Sherlock Microbial Identification System with the TSBA6 database after growth on YMA for 7 days, as described previously [7] . The analyses revealed summed feature 8 (C 18 : 1 !6c/C 18 : 1 !7c) as the major fatty acid in SEMIA 6399 T (Table S4) , present in a typical proportion seen in members of the genus Bradyrhizobium [41] .
Since a main feature of the SEMIA strains is their capacity for fixing nitrogen, the nifH gene was sequenced as described by Menna and Hungria [20] and the nodD gene sequence of SEMIA 6399 T was retrieved from the genome (MKFI00000000). The sequences of other species of the genus Bradyrhizobium were retrieved from the GenBank database to build phylograms of nifH (Fig. 3) and nodD (Fig. S6) genes. In the phylogenetic tree of nifH, the SEMIA strains were clustered with 99 % bootstrap support, isolated from the other type strains of related species of the genus Bradyrhizobium, and the highest similarity was observed with B. erythrophlei (Fig. 3) . In the analysis of the nodD gene, strain SEMIA 6399
T presented a more divergent sequence, occupying an isolated position in the tree (Fig.  S6) .
We also evaluated the nodulation and nitrogen-fixation abilities of SEMIA strains with different host legumes. Evaluation was performed in modified Leonard jars containing sand and vermiculite and receiving nutrient solution without nitrogen, under sterile conditions. The presence of effective pink nodules with both strains was confirmed in Deguelia costata and in siratro (Macroptilium atropurpureum). SEMIA 6404, but not SEMIA 6399 T , formed pink nodules with Centrosema spp. Neither strain was able to nodulate common bean (Phaseolus vulgaris), soybean (Glycine max) or bambara groundnut (Vigna subterranea).
Phenotypic characteristics were evaluated for the SEMIA strains and closely related species of the genus Bradyrhizobium. Unless indicated, phenotypic tests were performed at 28 C, evaluating colony morphology, ability to grow on YMA medium with 1 % NaCl, acid/alkaline reaction on YMA medium with bromothymol blue, and ability to grow on liquid YM medium at pH 4.5 and pH 8.0, at 28, 37 and 40 C, and in liquid Luria-Bertani (LB) medium, all conducted as previously described [42] . Enzymic degradation of urea was determined in YMA medium containing 2 % urea and phenol red as indicator. The utilization of carbon sources was evaluated with the API 50CH kit (BioM erieux), following the manufacturer's recommendations, and the basal medium used was YM-minus-mannitol, with bromothymol blue as indicator of acid or alkali reaction when using each C source. Resistance to antibiotics was evaluated using the disc-diffusion method on YMA plates with the following antibiotics (per disc): ampicillin (10 µg), bacitracin (0.04 U), cefuroxime (30 µg), chloramphenicol (30 µg), nalidixic acid (30 µg), neomycin (30 µg), penicillin (10 U), tetracycline (30 µg), streptomycin (10 µg) and erythromycin (15 µg). All tests were performed in duplicate. Only the results that were different among the SEMIA strains, or that were different among the species, are shown in Table 2 , and the main differences are included in the species description. For the intrinsic resistance to antibiotics, the results are included only in the species description.
In conclusion, after this extensive polyphasic study involving phenotypic, genotypic and phylogenetic analyses, the results indicate that SEMIA 6399 T and SEMIA 6404 represent a novel species within the genus Bradyrhizobium, for which the name Bradyrhizobium mercantei sp. nov. is proposed, with SEMIA 6399 T nominated as the type strain. Cells are Gram-stain-negative, aerobic, non-spore-forming rods. Colonies on YMA medium are oval and translucent, with low production of mucus, and less than 1 mm in diameter within 7 days of incubation at 28 C. Alkalinizes YMA medium with bromothymol blue in 7 days, and optimum growth occurs at pH 6.8 and 28
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C. Does not grow in LB medium, in the presence of 1 % NaCl or at 37 C or above, but grows at pH 4.5 and 8.0. Positive for urease activity. Shows intrinsic resistance to bacitracin, penicillin, cefuroxime, ampicillin, chloramphenicol, erythromycin, nalidixic acid, tetracycline and streptomycin, and shows moderate growth or is resistant to neomycin. With respect to carbon sources in the [8] . †Data from Helene et al. [12] .
